NLWR is considered a higher quality soil than the one with a low value for NLWR.
Air-water conditions influence soil ecosystems strongly, changing their physical and physicochemical status. Respiration in the roots provides energy for metabolic processes. Oxygen is consumed and carbon dioxide is released during respiration, and these gases must be exchanged with the atmosphere that serves as a reservoir. An adequate exchange of gases between the root and aerial atmosphere is required for optimal plant metabolism, and this exchange has often been called aeration. Plant metabolism is not impaired if the oxygen supply rate to the respiration site equals the oxygen consumption rate under optimum respiration.
Indices that describe soil aeration processes include: (i) gas diffusion coefficient, (ii) air permeability, (iii) air-filled porosity, and (iv) gas composition. However, only limited success was achieved by using these indices to correlate aeration and plant growth (McIntyre, 1970) . This is primarily because movement of oxygen from the atmosphere to the active roots involves diffusion through the gas-liquid phase boundary and the water film surrounding the roots, as well as diffusion through the gaseous phase of the soil (Lemon and Erickson, 1952) . Since the diffusion coefficient of oxygen is 7500 times greater in air than in water, the limiting factor for oxygen transport to roots is the diffusion rate through the water film. Erickson (1952, 1955) suggested that boundary conditions around active roots are more important than the rate of oxygen supply, and their results indicated that the thickness of moisture film at lower porosities has a greater effect on oxygen supply than at higher porosities. They also indicated that the platinum microelectrode method can measure in situ the rate of oxygen diffusion through soil solution to a simulated root in the form of a thin platinum wire, at which O 2 was electrochemically reduced. Since its introduction, the method has been used extensively in agronomic, ecological, and sometimes plant physiological experimentation.
The rate of oxygen diffusion to a platinum wire electrode (Lemon and Erickson, 1952) in the soil is affected quantitatively by factors that also affect oxygen diffusion through the soil to the respiration site in the root. Letey and Stolzy (1967) reported a correlation between oxygen diffusion rate (ODR) as measured by the platinum electrode technique and plant response. It was found that plant growth was not impaired for ODR values above 0.4 g cm Ϫ2 min Ϫ1 , and roots of most plant species (corn, barley, grasses, sunflowers, cotton, sugar beets, tomato) were inhibited or failed to grow where ODR values were below about 0.2 g cm Ϫ2 min Ϫ1 . It should be noted that the critical value of ODR for root growth is empirical. It may vary with plant species, stage of growth, fertilizer, irrigation, tillage management, and type of soil. Letey and Stolzy (1967) reported that plants have a much greater need for better soil aeration during emergence than after they become established. He recommended that at least 0.5-0.7 g cm Ϫ2 min Ϫ1 ODR for good emergence. However, Hasegawa (1994) indicated that the critical ODR value for emergence was only as low as 0.06 g cm Ϫ2 min Ϫ1 . Although different critical ODR values for root growth can be found in the review of McIntyre (1970) , the critical ODR value of 0.2 g cm Ϫ2 min Ϫ1 was the most widely used value for different plants. Therefore, we took this critical value as a reference for evaluating soil aeration capability by ODR measurement. Soil aeration is very sensitive to soil-water content. Much research has been carried out to determine the factors separately affecting gas diffusion coefficient and ODR measurement. However, relatively little research was devoted to studying the relationships among them. Little is known about correlation among the physical factors such as air-filled porosity, oxygen concentration, ODR, and relative gas diffusion coefficient (Hasegawa, 1994) . The objectives of this study were to evaluate: (i) if air-filled porosity at field capacity (Ϫ10 kPa, course soils or Ϫ33 kPa fine soils) is a good indicator of aeration; (ii) the relationship between ODR and soil-water content/potential; (iii) diffusion coefficient as affected by water content, and (iv) the relationship between ODR and diffusion coefficient in soils of different textures.
MATERIALS AND METHODS

Soil Samples
Undisturbed soil columns (25-cm dia. and 20-cm height) and cores (5-cm dia. and 5-cm height) were collected from four soils representing various textures. The four soils include an Arlington fine sandy loam (coarse-loamy, mixed, thermic, Haplic Durixeralf ) Slow water movement (both wetting and drying processes) makes it difficult to measure soil-water retention and ODR changes in large undisturbed soil columns of fine-textured soils. Therefore, small cores (5-cm diam. by 5-cm height) were used for the Sorrento clay loam and Imperial silty clay in this study. Forty-eight cores from the depth of 2-7 cm were taken from each of the two fine-textured soils for measuring ODR and water retention. Soil samples for measuring bulk density were also collected from the same locations.
Experiment Setup
For the large undisturbed soil columns, a 100-kPa ceramic plate was attached and sealed to the bottom of each column. A Marriott bottle was used to saturate the soil columns from the bottom. After a column was saturated, a vacuum pump was used to suction drain water from the bottom in order to create a range of soil-water content/matric potential relationship of the columns. Two pressure transducer-equipped tensiometers were installed at 10 and 20 cm below the soil surface to monitor the soil matric potential change during the experiment. Two 10-cm TDR probes were installed near the porous cup of the tensiometers to measure soil volumetric water contents. Oxygen diffusion rate was measured by platinum electrode using a model D Jensen ODR-meter ( Jensen Inst., Tacoma,WA). The ratemeter was set to apply 0.65 V to a complete set of microelectrodes at the 10-cm depth. Current readings were recorded after a 5-min wait. To avoid poisoning of the electrode surface, platinum electrodes were inserted into the soil just before each measurement. Oxygen diffusion rate was measured at four points within the soil water range.
Four undisturbed soil core samples were used to measure soil-water content and ODR after the cores were equilibrated to matric potentials of Ϫ1, Ϫ3, Ϫ5, Ϫ10, Ϫ30, Ϫ50, Ϫ100, Ϫ500, Ϫ1000, and Ϫ1500 kPa in a tension table (above Ϫ10 kPa) and in standard pressure chambers (at and below Ϫ10 kPa). An experimental setup was specially designed for measuring ODR in small soil cores in the laboratory (Wu et al., 2002) . The setup used a container filled with wet sand to serve as a common ground for the reference electrode, Cu rod, and core samples. The platinum electrodes were 4 mm long and 0.64 mm in diameter. The microelectrodes were placed 2.5 cm below the soil surface and about 3 cm apart. Oxygen diffusion rate was measured three times at each matric potential for each core.
Field capacity or water content below which ODR is less than the threshold value of 0.2 g cm Ϫ2 min Ϫ1 , whichever is lower, is considered to be the highest value of available water and, therefore, the upper limit of NLWR. Water content at a matric potential of Ϫ10 (coarse soils) or Ϫ33 (fine soils) kPa is often considered to be field capacity (Haise et al., 1955) . Therefore, the experiment was conducted within the soil matric potential range from 0 to Ϫ40 kPa for loamy sand and sandy loam soils. In contrast, since soil aeration problems can occur in silty clay and clay loam soils at relatively lower matric potentials, water retention and ODR measurements of silty clay and clay loam soils were carried out within the soil matric potential range from 0 to Ϫ1500 kPa. Inasmuch as the microelectrode can be used only when the soil-water content is sufficient to maintain a water film on the entire platinum surface, the ODR measurement at low matric potential could be erroneous. Van Doren and Erickson (1966) indicated that silty clay was capable of supporting the required moisture film on the platinum electrode to less than Ϫ200 kPa.
Soil mechanical resistance at Ϫ1.5 MPa soilwater potential was measured using the minipenetrometer and method of Wu et al. (2002) .
Data Analysis
Total porosity was calculated from bulk density and assumed particle density of 2.65 g cm Ϫ3 . Air-filled porosity was calculated by the difference between total porosity and volumetric water content.
Based on his evaluation of five classical gas diffusion coefficient models, Moldrup et al. (1999) modified and developed a new soil-type-dependent gas diffusion coefficient model (BCC) for undistributed soils. The model was based on the Buckingham R p (reference point gas diffusion coefficient) expression (at ⑀ ϭ ) in combination with the Burdine (1953) 
where ⑀ is the air-filled porosity, is the total porosity, and b is the Campbell (1974) soil-water retention parameter which can be determined as the slope of the soil water characteristic curve in a log-log coordinate plot. The values of b for the tested soils were obtained from water retention curves and were shown in Table 1 . The ODR was calculated from the measured electric current (i,A) using the following equation:
where A is the microelectrode surface area (mm 2 ), M is the molecular weight of oxygen (32g mol. Ϫ1 ), n is the number of electrons required for the reduction of one molecule of oxygen (n ϭ 4), and F is the Faraday constant (96,500 coulombs). The surface area of the platinum electrode can be calculated from the diameter (d ϭ 0.064 cm) and the length (l ϭ 0.4 cm) of the wire. Thus, ODR values were calculated by:
RESULTS AND DISCUSSIONS
The basic properties of the four soils used in the experiment are presented in Table 1 . The soil-moisture retention curves of the Delhi loamy sand and the Arlington sandy loam soil measured in the undisturbed soil columns (25-cm diam. and 20-cm height) and the water retention curves of the Imperial silty clay and the Sorrento clay loam soils measured in pressure chamber are shown in Fig. 1 . The Sorrento clay loam soil cores taken from the trafficked subsoil of a strawberry field were highly compacted. The measured ODR was much lower than the critical ODR value even at Ϫ100 kPa, and the mechanical resistance of the soil was very high even at relatively wet conditions. The compacted soil from the trafficked furrows does not, therefore, represent a typical agricultural soil, and we thus omitted it from further discussion and comparison with the other test soils.
ODR and Water Potential
Air-filled porosity and ODR are related directly to soil-water content, which in turn is controlled by soil matric potential. Figure 2 shows the ODR as a function of soil-water matric potential. Very different relationships between ODR and matric potential were observed for the four soils. The ODR values of the loamy sand increased rapidly over a very narrow matric potential range from Ϫ4 to Ϫ6 kPa, which is consistent with the large change in water content over the same matric potential range. In contrast, the change in ODR occurred in a slightly larger range of matric potential from Ϫ10 to Ϫ16.5 kPa in the sandy loam. The ODR in silty clay soil gradually increased as soil matric potential decreased, and it did not reach its maximum value until matric potential was less than Ϫ700 kPa.
The ODR in clay loam was only 0.043 g cm Ϫ2 min Ϫ1 , even at Ϫ1.5 MPa soil-water potential. The clay loam core samples were taken in the trafficked furrow. The soil was highly compacted, with a bulk density of 1.58 g cm Ϫ3 and
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mechanical resistance (MR) of 2.1 MPa at Ϫ1.5 MPa soil-water matric potential (Table 1) . This MR value is twice as high as that of the Imperial silty clay (1.1 MPa at Ϫ1.5 MPa soil-water matric potential). Soil MR of 2 MPa was considered to limit crop root penetration (Taylor et al., 1966) . The results indicate that poorly structured soils with high bulk density can cause serious aeration problems. Our observation is consistent with earlier research, which showed that the compaction of soils at Ϫ10 kPa matric potential with loads up to 800 kPa or soils with bulk density Ͼ 1.50 Mg m Ϫ3 caused a distinct worsening of soil oxygen availability in terms of ODR (Stepniewski, 1980) . Nozdrovicky and Mihal (1991) studied the effect of the repeated passes of tractor wheels on changes of ODR in a loamy sandy soil. Their results indicated that the ODR was reduced by 0.06 and 0.12 ug cm Ϫ2 min Ϫ1 in 2 and 4 passes, respectively, compared with no tractor pass in the same field. Czyz and Tomaszewska (1993) reported that the impact of tractor wheels caused soil density in an arable layer to increase by 2.6 to 12.7% in a sandy soil and by 4.8 to 18.9% in a loamy soil. In the meantime, the ODR decreased by 22.8 to 68.2% in the sandy soil and by 15.1 to 64.5% in the loamy soil. The threshold ODR value of 0.2 g cm Ϫ2 min Ϫ1 occurred at Ϫ4.5 kPa for the Delhi loamy sand soil, at Ϫ10 kPa for the Arlington sandy loam soil, and at Ϫ16 kPa for the Imperial silty clay soil (Fig. 2) . This indicates that at field capacity (Ϫ10 kPa for the coarse textured and Ϫ33 kPa for the fine-textured soils), none of the soils except the Sorrento clay loam had aeration problems. Indeed, the maximum ODR values occurred below the matric potentials at which field capacity was measured. Stolzy and Letey (1964) indicated that the maximum ODR value occurred at about Ϫ10 kPa in a loamy sand and Ϫ20 kPa in a silt loam. Kristensen (1966) showed that the maximum ODR for a sandy soil was at about Ϫ5 kPa matric potential, and for a clay loam, it occurred at about Ϫ15 kPa. Birkle et al. (1964) also showed that the maximum ODR for a sandy loam occurred at about Ϫ10 kPa. Feddes et al. (1976) indicated that for a sandy loam of single-grained structure with a pore volume of 0.5 cm 3 cm Ϫ3 , the threshold was found at Ϫ5 kPa. Our results are consistent with these earlier research findings. In contrast, Van Doren and Erickson (1966) showed that the maximum ODR measured in soil cores occurred at a matric potential of about Ϫ30 kPa for a sand, -100 kPa for a sandy loam, and below Ϫ200 kPa for a silt loam. The inconsistency is probably the result of differences in soil texture, pore distribution, bulk density, or soil structure. McIntyre (1970) also attributed these differences to the influence of electrical resistance and, through it, the effective electrode voltage. Within the soil water range of our measurement, however, the soil resistance effect on ODR was relatively small. Under relatively dry conditions, soil resistance should be measured and ODR measurements should be corrected using the method as suggested by Kristensen (1966) . Figure 3 shows that ODR decreased as soilwater content increased in the three test soils. EVALUATING SOIL AERATION CRITERIA 499 crease in water content in a soil improves soil aeration status by increasing the air-filled porosity available for air diffusion. Thus, the optimal range of water content for plant growth should be assessed not only on the basis of plant water availability but on soil aeration as well. The upper limit of NLWR is usually associated with field capacity. However, it is possible that ODR becomes a limiting factor for root growth at field capacity, particularly in poorly structured soils with high bulk density such as the compacted clay loam soil in which ODR is inadequate for plant growth for a wide range of water content (Fig. 3) . The ODR threshold value (0.2 g cm Ϫ2 min Ϫ1 ) occurred at water contents of 0.30 for the Arlington sandy loam, 0.29 cm 3 cm Ϫ3 for the Delhi loamy sand, and 0.34 cm 3 cm Ϫ3 for the Imperial silty clay. The ODR reached the highest level of 0.75 g cm Ϫ2 min Ϫ1 at water contents of 0.27, 0.19, and 0.28 cm 3 cm Ϫ3 , respectively, for the three soils. The steady ODR increase was accompanied by an 8% decrease in water content for the Imperial silty clay soil. The sharp increase in ODR for the Delhi loamy sand and Arlington sandy loam soil resulted from 3% and 6% decreases in water content, respectively. The decrease in ODR as water content decreased for the Delhi loamy sand is an artifact associated with incomplete electrode wetting. Birkle et al., (1964) and Lemon and Kristensen (1960) indicated that this decrease in ODR at low soil-water content could be attributed to the rupture of the moisture film surrounding the platinum electrode. The water content for ODR beginning to decrease was at about 0.15 cm 3 cm Ϫ3 for the loamy sand.
ODR and Water Content
Soil-water content is the primary factor affecting soil aeration. Letey (1965) indicated that water content influenced the gas exchange by modifying the amount of water around the root, and thus the distance between the respiration site and gas phase, or by changing the volume and cross-sectional area of gas phase, which allowed relatively rapid gas exchange. In addition, oxygen concentration in the pores can also be greatly affected by soil-water content if the pores become isolated from the atmosphere. However, there is no universal relationship between ODR and soilwater content. For different soils, the relationship is different. Kowalik (1972) found that the threshold ODR occurred at 0.37-0.42 cm 3 cm Ϫ3 for the alluvial clay silt soils tested and at 0.32-0.33 cm 3 cm Ϫ3 for Gniew clays tested. Our measured threshold ODR is very close to their values.
Diffusion Coefficient and Water Content
In most models, gas diffusion coefficient is a function of total soil porosity and air-filled porosity. As shown in Equation 1, the relative gas diffusion coefficient is directly proportional to the air-filled porosity and is inversely proportional to soil-water content. Figure 4 showed that the relative gas diffusion coefficient exponentially decreased with the increase in soil water content.As expected, a higher relative gas diffusion coefficient occurred in Imperial silty clay than in the other two soils because of its high air porosity. The relative gas diffusion coefficient was lower for Arlington sandy loam compared with the Delhi loamy sand at the same soil-water content and at Ϫ100 cm matric potential because of its 500 FENG, WU, AND LETEY SOIL SCIENCE Fig. 3 . The relationship between soil-water content and ODR in three soils. Fig. 4 . Relative oxygen diffusion coefficient as affected by soil-water content in three soils.
higher bulk density, which resulted in lower airfilled porosity. It is interesting to note that the correlation lines between relative gas diffusion coefficient and soil water content are almost parallel for the three soils.
ODR and Air-Filled Porosity
The threshold ODR value occurred at airfilled porosity close to 8% for the Arlington sandy loam, 15% for the Imperial silty clay, and 17% for the Delhi loamy sand (Fig. 5) .Air-filled porosity at field capacity provides a relative scale of aeration capability among different soils used in this research, but it does not offer any direct information on how it will affect plant growth. Evaluating the relationship between air-filled porosity and ODR provides the linkage between the two parameters. Figure 5 shows that ODR in the Arlington sandy loam changed rapidly over a narrow range of airfilled porosity. In contrast, the ODR did not change as rapidly in the Delhi loamy sand as in the Arlington sandy loam. The curves show that there is a linear relationship between the ODR and airfilled porosity within the range of 7 to 11% for the Arlington sandy loam, 14 to 20% for the Imperial silty clay, and 17 to 27% for the Delhi loamy sand. Lemon and Erickson (1952) reported that at air-filled porosity of about 20%, the ODR curves approached linearity, whereas below 20% there was a rapid drop in the diffusion rate, with decreasing porosity in a clay loam. Raney (1950) found that below 22% air-filled porosity, there was a curvilinear relationship for a silt loam, possibly caused by the closing of the connecting channels between the pores. Mukhtar et al. (1990) studied the relationships between the air-filled pore spaces in soils and the aeration indicators (redox potential (Eh), ODR, etc.). They suggested that an air-filled porosity of 10 to 12% was necessary to have adequate aeration for plant growth, and this value was widely used in Poland as minimum critical air-filled porosity. This research shows that different textured soils can reach the same ODR level at different air-filled porosities. The ODR values at which the air-filled porosity reaches its minimum critical level of 10% were 0.64 g cm Ϫ2 min Ϫ1 for the sandy soil, 0.08 g cm Ϫ2 min Ϫ1 for the loamy sand, and 0.06 g cm Ϫ2 min Ϫ1 for the silty clay. This implies that 10% air-filled porosity can provide adequate oxygen for plant root respiration in coarse textured soils, but not in the fine-textured soils since the ODR values at the 10% air-filled porosity are much lower than the 0.20 g cm Ϫ2 min Ϫ1 threshold value. Our observation is consistent with earlier findings. Feddes et al. (1976) indicated that for a structureless sandy loam with a total porosity of 0.5 cm 3 cm Ϫ3 , the ODR threshold of the soil was found at the air-filled porosity of 0.04 cm 3 cm Ϫ3 , whereas for well structured soils, it occurred at the air-filled porosity of 0.10 cm 3 cm Ϫ3 . Gavande (1969) found that the range of ODR from 0.2 to 0.4 g cm Ϫ2 min Ϫ1 occurred at air-filled porosities close to or greater than 10% for the andosol, latosol and aluvial soils that were used in his research, while Finn et al. (1961) observed an ODR less than 0.2 g cm Ϫ2 min Ϫ1 at air-filled porosities of 14% and 20% for a Castor silt loam. Campbell et al. (1969) showed that ODR values near 0.2 g cm Ϫ2 min Ϫ1 occurred at higher air-filled porosities for a Wood Mountain clay loam.All these results imply that comparison of air-filled porosity among different soils offers little information relative to root growth. Figure 6 shows that the relative oxygen diffusion coefficients of the three soils are substantially different at the same threshold ODR value of 0.2 g cm Ϫ2 min Ϫ1 . It indicates that ODR is affected by water contents, and not just by oxygen diffusion through the gas phase (Eq. (1)). This again implies that comparison of diffusion coefficients among soils offers little information relative to soil aeration capability and influence on root growth. Glinski and Stepniewski (1985) and Hasegawa (1994) 
ODR and Oxygen Diffusion Coefficient
CONCLUSION
Values of ODR in soils increased significantly as soil-water content decreased in the water retention range from Ϫ4 to Ϫ6 kPa for the Delhi loamy sand, Ϫ6 to Ϫ16.5 kPa for the Arlington sandy loam, and 0 to Ϫ700 kPa for the Imperial silty clay used in this study. The ODR values were positively correlated with D p /D o and airfilled porosity and negatively correlated with soilwater content and bulk density. The threshold ODR value of 0.2 g cm Ϫ2 min Ϫ1 was reached at water content of 0.31 cm 3 cm Ϫ3 for the Arlington sandy loam, 0.28 cm 3 cm Ϫ3 for the Delhi loamy sand, and 0.34 cm 3 cm Ϫ3 for the Imperial silty clay, which corresponds to Ϫ4, Ϫ10 and Ϫ16 kPa matric potential. These values are much higher than the matric potentials of Ϫ10 or Ϫ33 kPa commonly used for measuring field capacity for coarse-and fine-textured soils. The results indicate that aeration for the three test soils is not a limiting factor for water contents at or below their field capacity. The ODR in the Sorrento clay loam, which is highly compacted by wheel traffic as evidenced by its high bulk density and high MR at the wilting point, was only 0.043 g cm Ϫ2 min Ϫ1 , indicating that poorly structured soils could cause serious aeration problem.
At the threshold ODR value of 0.2 g cm Ϫ2 min Ϫ1 , the Delhi loamy sand and Arlington sandy loam had similar water contents but different airfilled porosities and diffusion coefficients. This indicates that the comparison of air-filled porosity and diffusion coefficient at the field capacity in different soils offers little information about the soil aeration capability that directly influences plant growth. Therefore, oxygen diffusion rate, a measure that mimics the oxygen supply to root surfaces, should be used instead for evaluating soil aeration capability.
The ODR value provides a broader picture of soil oxygen availability to plant roots because it includes both the influence of the thickness of the water film surrounding the roots and that of the structure of the soil, which might retard oxygen diffusion (Mukhtar et al., 1990) . However, the method of ODR measurement has many limitations, and it should be improved (McIntyre, 1970) . Some improvements in ODR measurement techniques have already been made (Armstrong and Wright, 1976) , but further tests and calibrations between ODR and plant response under various soil and environmental conditions are still required.
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